


‘ 


nd LIPA 






Institutional Archive of the Naval Postgraduate School 


Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1968 


Linear amplifier design and linear integrated circuits 


Hobler, William Joseph 


Monterey, California. Naval Postgraduate School 


http://ndl.handle.net/10945/12556 


Downloaded from NPS Archive: Calhoun 


| Calhoun is the Naval Postgraduate School's public access digital repository for 
(8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist | | Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


lil \ KNOX appointed — and published -—- scholarly author. 


http://www.nps.edu/library 






LIBRARY Dudley Knox Library / Naval Postgraduate School 
411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 


NPS ARCHIVE 


1968 
HOBLER, W. 





Mae anes wees BN 
Wwe oe 


WILLIAM JOSEPH HOBLER, JR. 











Det «, 

LINEAR AMPLIFIER DESIGN AND 
LINEAR INTEGRATED CIRCUITS 
by 
William Joseph Hobler, Jr. 


Lieutenant Commander, United states Navy 
B.S., U. S. Naval Academy, 1957 


Submitted in partial fulfillment of the 
requirements for the degree of 


MASTER OF SCIENCE IN ELECTRICAL ENGINEERING 
from the 


NAVAL POSTGRADUATE SCHOOL 
June 1968 


ABSTRACT 


eet 


Through the utilization of the functional matrix description of linear 
integrated circuits, a design method is evolved from which the 
terminating admittances may be specified. These terminating admittances 
are optimized with respect to power gain fora stable device and 
optimized with respect to power gain for a specified stability level. 

The total input and output conductances are obtained for use in frequency 
response design. Finally the procedure is extended to include the case 


in which a not optimum conductance is forced on the designer. 
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CHAPTER I 


INTRODUCTION 


The design of low power level circuitry can no longer be regarded 
as an exercise in stable bias design, impedance matching and feedback 
design. As more and more devices appear On the market, the selection 
of a device which will be stable under the specified circuit operating 
conditions becomes increasingly important and difficult. The high 
active device densities which result from the industry move toward 
miniaturization constrain the circuit designer to those designs which 
are compatible with this packaging and the thermal variations inherent 
to these high densities. The circuit designer must then select the 
proper device, configure that device to meet the performance specifi- 
cations, prove the stability of the circuit and allow sufficient engineer- 
ing time to permit proper packaging and thermal design. 

Recently Linear Integrated Circuits (LICs) have become economically 
competitive with other low power devices in the frequency range D-C 
through 130 MHz. The designer, therefore, must consider LICs if only 
for the convenience of 135 db gain in a flatpack or an instrument 
amplifier with 70 to 90 db common mode rejection. The designer of 
military equipment can look toward increased reliability, decreased 
maintenance and decreased logistic support requirements which result 
from use of LICs. The designer of consumer electronics may select 


LICs because of the lower initial circuit cost, easier automation of 


the manufacturing process and the decrease in assembly operations 
Which all reduce the manufacturing cost. 

Although the introduction of LICs has increased the selection of 
devices, LICs provide the designer with the following distinct 
advantages: 

1. Reduced size and weight 

2. Reduced power drain 

3. Improved reliability 

4. Lower cost 

5. Improved maintainability 

6. Improved stability 

It is the intention of this paper to justify briefly the first five of 
these advantages with indications of future trends in an effort to 
illuminate a broad range of system or product improvements accruing 
from Linear Integrated Circuits. The sixth advantage, stability, is to 
be just one portion of a fairly vigorous investigation of a circuit design 
technique which is comprehensive enough to include stability of the 
design. 


SYSTEM OR PRODUCT IMPROVEMENT 
BY USE OF LINEAR INTEGRATED CIRCUITS 


1. Reduced Size and Weight. The presently available size and 
weight reduction are most conveniently displayed by comparison of 


these parameters in Table 1.1 
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TABLE 1 


COMPARISON OF WEIGHTS AND SIZES 
OF CONVENTIONAL AND MICROELECTRONIC CIRCUITS 


One Miniature Integrated Circuit Thin Film 

struction | Conven- 1/4e%, 1/4 
tional FO-5 7) P/4x 1/74 Chip x 0.025 

Can Flatpack substrata 


Weight O30Ss 
it OZ. 


4235 OAGCs5S O20 00635 0002 
Vomme in joOm 0.008 0.000016 0.008 
in. 


Note, although the basic chip size represents a reduction in 





volume of 10,000, the package controls the volume and degrades this 
advantage to a 10-20 to one reduction. Hallman predicts, "By 1975, 
we may expect the overall size of avionics packaging to be approxi- 
mately 1/30 the size of the equivalent 1965 package. However, the 
1980 package will occupy only 1/75 the volume of the equivalent 1965 
functional package. ud These size reductions presume no increase in 
functional capabilities. However, increases in capabilities are 
indicated by a predicted 25 per cent increase in active device population 
on board a U.S. Navy destroyer in the period 1965 to 1970. Application 
of integrated circuits will reduce size and weight by 17 per cent during 
the same period. ° Thus, in both comparable systems and increased 
capability systems, the size and weight of the electronics package will 


decrease through integration. 


2. Reduced Power Drain. Whitelock* contends that 50 per cent 
to five per cent of the presently required power will be required for 
comparable systems when integrated circuitry is used. These figures 
are supported by a reduction from 21 watts to 3.9 watts due to the use 
of LICs in a PCM Multicoder by Bums and Foulke.> Similarly, the 
power requirements for a conventional versus an integrated circuit FM 
Telemetry Encoder was reduced by half. 6 

3. Improved Reliability. Hallman states, "Even so, we may 
expect that our principal reliability problem in 1980 will be one of 
devising ways to measure and/or predict mean-time-between-failure 
rates in excess of 1000 hours. "7 This problem exists today in an 
Ultra-Reliable Transceiver under evaluation by the U. S. Navy. In 
this program two six channel UHF transceivers have been produced with 
the design goal of optimum performance for two years with no maintenance, 
with a confidence interval of 98 per cent. ® This is a mean-time- 
between-failures of 17,520 hours. "To approach this degree of 
reliability, an all-solid-state transceiver was mandatory along with 
maximum utilization of microelectronic techniques and redundant and 
adaptive circuitry. ug 

4, Lower Cost. Perhaps the most telling argument to support the 
lower cost contention comes from the highly profit-motivated consumer 
electronics industry. H. H. Scott described its decision to use 
integrated circuitry to replace discrete components as based purely on 
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economic considerations. However, this lower cost is reflected 
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throughout the spectrum of system life. During initial construction, 

the integrated circuit can replace numbers of discrete components, thus 
reducing the production operations required, saving labor costs. The 
increased reliability increases the mean-time-between-repair causing 

a decrease in down time and repair cost. Additionally, trouble shooting 
circuitry may be included in some of the reduced volume where reduced 
down time and/or training or salary of repair personnel is a determining 
factor. In fact, it may become economical to discard a 135 db amplifier 
(costing $1.50) rather than troubleshoot it. 

9. Improved Maintainability. "As the effective failure- or 
trouble-free life of subassemblies increases, the economic advantage 
of simply replacing defective subassemblies and discarding the faulty 
module becomes more attractive. Also, the skill levels required of 
maintenance personnel are reduced considerably. wil 

In summary, the benefits that are derived from microelectronic 
techniques - reliability, size, weight, maitainability, cost and power 
consumption - are real. "For all these reasons, circuit and system 
design must assume greater importance and must be applied with greater 
care. The time and money spent On optimizing circuit design will 
become a worthwhile investment... One result os such effort could 
be a more thorough and complete characterization of circuits than we 


ul2 Such complete 


have ever had in the past and in a systematic way. 
characterization of circuits has been available to the circuit designer 


for some years. Systematic methods of applying these characterizations 


iS 


and describing circuit Operation is also available. If current applications 
literature is to be used as an indicator, these techniques have not been 


broadly applied to Linear Integrated Circuits. 
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CHAPTER II 


DEVICE AND CIRCUIT STABILITY 


On of the most cOmmon and most exasperating difficulties in circuit 
design is the problem of oscillation. Oscillation is always caused by 
some form of feedback from the output to the input. Such feedback can 
be a result of the circuit interconnections either wired in or through 
stray capacitance and inductive coupling. Feedback may also occur 
through reverse transmission within the active device. Oscillation due 
to the reverse transmission will be referred to as device-caused 
oscillation.!° The existence of internal feedback or reverse trans- 
mission is expressed by the fact that if the device is described by the 
z", "y", "h", or "g" matrices that element having the subscript 12 is 
different from zero. Most active devices presently available have 
sufficient internal feedback to cause oscillation when properly terminated 
and operated at the circuits resonant frequency. 14 tt can and will be 
shown that Linear Integrated Circuits possess sufficient internal feed- 
back to support device-caused oscillation. Since the circuit may 
oscillate it is proper to begin an investigation of LIC application with 
a discussion of stability. 

1. Characterization. Any discussion of active devices must begin 
with the characterization of the device. The characterization most suit- 
able for the study of the performance of an LIC is a functional character- 


ization from which the designer determines the potential of the circuit 


1S 


including stability, sensitivity, gain, and optimum load and source 
impedances. 1s In characterization of LICs, it is not practical to 
separately characterize each component. Initially, it is not possible 
to reach every point in the circuit. If an equivalent circuit formulation 
is attempted, the stray capacitance and lead inductance form complex 
pi-networks around the active circuits which severely compound the 
characterization. Additionally, since a diffused resistor is, in fact, 
a distributed element, its equivalent circuit is a R-C transmission line 
and the equivalent circuit becomes untenable. To avoid the difficulties 
imposed by the above consideration, the functional two-port matrix 
characterization is used for LICs. be 
The familiar two-port characterizations are the "h", "g", "z" and 
"vy" parameters. These parameters implicitly but completely characterize 
the device. Any set of two-port parameters may be calculated from any 
other set so that the set of parameters actually used is determined by 
the designer. Since the device may be parameterized in any of four 
ways and an analysis must produce identical physical results for any 
set of parameters, analysis utilizing any parameter set is equally valid 
providing the chosen parameters are consistently applied. Therefore, an 
analysis using one set of parameters provides a general series of design 
relationships.!’ Here it is well to note that the following analysis 
will produce certain "invariant" properties. This use of the term 


invarient implies invariant in form under the transformations between 


the common two-port parameters. 
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ization from which the designer determines the potential of the circuit 
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including stability, sensitivity, gain, and optimum load and source 


Is In characterization of LICs, it is not practical to 


impedances. 
separately characterize each component. Initially, it is not possible 
to reach every point in the circuit. If an equivalent circuit formulation 
is attempted, the stray capacitance and lead inductance form complex 
pi-networks around the active circuits which severely compound the 
characterization. Additionally, since a diffused resistor is, in fact, 
a distributed element, its equivalent circuit is a R-C transmission line 
and the equivalent circuit becomes untenable. To avoid the difficulties 
imposed by the above consideration, the functional two-port matrix 
characterization is used for LICs. ve 
The familiar two-port characterizations are the "h", "g", "z" and 
"y" parameters. These parameters implicitly but completely characterize 
the device. Any set of two-port parameters may be calculated from any 
Other set so that the set of parameters actually used is determined by 
the designer. Since the device may be parameterized in any of four 
ways and an analysis must produce identical physical results for any 
set of parameters, analysis utilizing any parameter set is equally valid 
providing the chosen parameters are consistently applied. Therefore, an 
analysis using one set of parameters provides a general series of design 
relationships. a Here it is well to note that the following analysis 
will produce certain "invariant" properties. This use of the term 


invarient implies invariant in form under the transformations between 


the common two-port parameters. 
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Although it is true that Mason's unilateral power gain U is invariant 
to the way in which the terminals are paired in a standard transistor, 18 
since the substrate of an integrated circuit transistor is always connected 
to the common terminal, any change in the configuration changes the 
internal circuit. This alteration of the internal circuit changes the power 
gain. ee Therefore, whenever the device under consideration is an LIC, 
the invariance deals with the use of consistent sets of parameters and 
not with the shifting of terminal pairs. 

2. Definitions of Stability. Any useful active device may be 
categorized, with respect to stability, as inherently stable or potentially 
unstable. The device is considered inherently stable if no combination 
of passive terminations can cause oscillation. However, if the internal 
feedback within the active device is sufficient to support device-caused 


20 with 


oscillation, the device is considered potentially unstable. 
reference to Figure 1, if there can be found some combination of y, and 


My. which will cause oscillations, the active device is potentially 


unstable. 


Maz OST | b, 
Mi = 444 by 


Miz gut] Pi 
y Maat du? | bs 


Ai Mia 


Yo Y2r 


FIGURE l 
Terminated Two-port 
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Rollett introduced the invariant stability factors, k and K defined as 


,- Zandra - Ke Siar.) Kz 4G Gar- Ke (4 444,) 
4 4a Saal 


ae Gi, Vat Hu anh G22 Kut que (2) 


A device is stable if k > 1 and F192 => 0. Similarly, a circuits 


stable if K > 1 and G1 S22 => 0,4! Note that if no combination of y, 


and y; can cause K to become less than unity and G1 Goo Z. Othe 


device is inherently stable. Bahrs casts these two expressions into 


equivalent forms given below: 


Bn Sur MA(i+ Cows) (3) 


whe M= anes Ani . = ORB Nir M21) (4) 


In this form the device is inherently stable if the above inequality is 
valid. If Gi and Goo are defined as above a potentially unstable device 
may be made inherently stable by neutralization or by loading the device 

sufficiently with large source and load conductances. The combination 


of these conductances and the active device is inherently stable if 


GuG., > M/s Cl Coxe) (5) 


where M and 6 are as defined in equations (4). 
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Note that the parameters involved in measuring the stability are 
functions of frequency. Any particular device may be potentially 
unstable over any portion of its usable frequency range. Thus, the 
statement that an active device is potentially unstable is really 
incomplete unless the frequency range over which this instability exists 
is included in the statement. 22 


The expression G11G9 (M/2)(1 + Cos 8) suggests the use of a 


new stability factor for the terminated two~port. 


A GS) G22 


K* faa Cosel 
i+ Cosas) (6) 


where 


MIM aMad 
oF onal Bia Ma.) 


The terminated two-port will be stable if K > 1. Similarly, an inherent 
stability factor may be defined by 
K, aS A Q" gut 
M Cit Case) (8) 


where M and 86 are defined by (7) above. 

By this definition, if K} 2 1 no combination of passive source 
and load terminations can support device-caused Pre iiatene Conversely, 
if K; is less than unity, a suitable pair of passive terminations exists 


which can cause oscillation. Therefore, the device is inherently stable 


iS 


ati K; - 1 and potentially unstable if K,< 1. If sufficient external 
conductance is added to the ports of a potentially unstable device, K 
the actual stability factor may be made greater than unity and the circuit 
stable. 

The actual stability factor K is identical with the factor K of Stern 
and of Bahrs. It is not invariant under the transformations of the two- 


port parameters. ae 
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CHAPTER III 


AMPLIFIERS USING INHERENTLY STABLE DEVICES 


For two-port networks which require power at the input port, as 
LICs do, it is more significant to measure performance in terms of the 
power in the circuit. The ratio of power delivered to the load to the 
power available from the source is defined as transducer gain, and 


given the symbol Gr. 


= ST VIET Oa 


a a ett to thee. fond : as But 


2 / ft 
i Gir: hesatste SOLALA, f- a fines 23 ck (9) 


— 


i 


chess oftt* ° 


“_eee 


“ial 
ike 


FIGURE 2 
Power in a Terminated Two-Port 


on 





Unfortunately, transducer gain is a function of the source 
impedance, the device parameters, and the load impedance. Itis, 


therefore, convenient to consider another quantity which provides an 
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upper bound on transducer gain and is easier to calculate. Power gain 


is the ratio of the power supplied to load to the power into the two-port 


and is given the symbol G i 


Poenere abirtsecl to boat. lout 


aE) 
= 


2. Prver trto Yee tuo pow lan ae 


The transducer gain may be expressed as 


ae Ruut Pen al 

= 11 
"fin Feng 
For an inherently stable device, Pelee wpe | is always less than or equal 
to unity. The maximum value of unity can be achieved by conjugately 
matching Vig Stn At a given frequency or in a narrow band of 
frequencies, this can always be done by using a suitable transformer 
and a susceptive element. Thus, the transducer gain is the same as 
the power gain for an inherently stable device. The design problem 
reduces to finding the load termination which will maximize the power 
gain. ae 

The power gain of the device is independent of the source 


admittance and is expressible as? 


Vos) Re) 
ReAN4;, . Gin (Sri SCA, ot a) Maat I 


Gp 





12) 
After some manipulation equation (12) may be rewritten as 


Gp = h, | A & (13) 
“Ji2 Si (62+ Bia)-MS.,@se- MB.» ne 


Za 


Now by defining a normalized transducer gain Gry and a normalized 


power gain Gon such that 





— $e nol SS Mr 
Gr= A Gry ~ Gp a |PN (14) 


so that 


_ en _ Gr 
Gen os [Sse | GTN Bus Soa 





(15) 


Since l¥21/¥19| is a constant of the device, a maximum value of Gpn 


yields a maximum value of G, or G Now from equations (13) and (15) 


T° 


the normalized power gain is 


—_— M (G19~ 922) 
DPN > 4,,6,5 MG, (ose - WSS) aR Tet 
1g 22 MG. iM = = 4 a (B2,- wey 


Since Boo = Doo fs by occurs only in the second term of the denominator 


the value of Bo9 which maximizes Gpy is obviously 


eZ MSG = *@ (17) 
22°~«— 
AN 


or the optimum value of Boo! 22 


M Gane (18) 
iy t — 
re Fi 
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Thus the optimum output susceptance is independent of the load 
conductance. Substitution of Boo into equation (16) and rearranging 


Op 
yields 


fH - Goo] Fue» - Guo] 


[fsule. —~ Cove 
M 





Gen= 


(19) 


a. 
Sail 





Now if an inherent stability figure is defined as g, where 


Dit wie _ Gag (20) 


and a partial stability figure is defined as B., where 


tp @ Agu _ Gee 


then equation (19) may be written as 


2(PDp - Z,) 
bo — 


The inherent stability figure was defined as a function of the device 





(22) 


Gen = 


parameters whereas the partial stability figure is a function of the device 
parameters and the load conductance. Equation (22) represents the 
normalized power gain for any load conductance for the optimum load 


Susceptance. The optimum load conductance may be calculated from 
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that partial stability figure which maximizes Gpy> Differentiating 


equation (22) and equating the result to zero yields 


gp - 24%; +/ =O 


(23) 


From the definitions of the two stability figures, it is obvious that @ 
is always greater than D; , thus the solution for the optimum partial 


stability figure is By , where 
opt 
~~ 
2 
Pp = p yo | 
A 4 
F opt (24) 


If this value of B, is substituted into the expression of Gon the 


maximum value of Gpne Gen. results 


| 
Gen, a h +7@2 — (25) 


The value of normalized power gain for various values of B iS 
plotted in Figure 3. Since for all values of g. less than unity the power 
is unbounded at ,, = 1, the device is potentially unstable. For g. 


greater than unity the gain is finite for all Bp going through a maximum 


PN 


value at @ at a value of G 
Popt a 


By expression (3) Bahrs had defined the stability relation 
Te 


911992 (M/2)(1 + Cos8) which may be written as 


“fu fee Crs >I Bs 


a 


then the condition for inherent stability may just as validly be written 
as g, > Pesce B, a 2911922 -Cosé. Similarly, the condition 

M 
for potential instability may be written as By <1 . In an analogous 


manner a stability figure for the terminated two-port is defined as 9 


ge Aout 21. vp 





(27) 


At this point the problem of amplifier design is completed since 
the load susceptance may be determined from equation (18) and the load 
conductance may be determined from ee and equation (21). Then the 
input admittance need only be conjugately matched. The computation 


load may be reduced by recognizing that equations (20), (21) and (24) 


and the optimum value of conductance Tages = G22ont - 999 yields 


43) Lop 2 
=i dhept = Bi | (28) 


Therefore, Gpn and equation (28) are functions of the inherent stability 
O 


figure and may be plotted as functions of Bi as is done in figure 3,28 


ILLUSTRATIVE EXAM PLE 
To illustrate the design procedure using an inherently stable 
device, an RCA differential amplifier, CA 3028, was selected and an 


operating frequency of 10.7 mega Hz used as center frequency. For 
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Inherent Stability Figure, 


Normalized optimum power gain and optimum conductance 


Figure 3, 


product as functions of the inherent stability figure. 


this condition the specification sheet lists the following admittance 


parameters. 


Yup ot deo mmhos Yoo = 04 + 3.23 mmhos 


VO -01 ~j.0002 mmhos) yo) = -37 + j.9 mmhos 


1. Calculate intermediate but individually useful values. 


a. M=yyoyo = 37x 107° mhos2 


= = O 
Dae argly, 5¥oq) 178.0 


(1) Cos® = - .99942 
(2) Sin® = .03403 
2. Calculate the inherent stability figure g 


ous “Bu die. Core = a + - 29942 (20) 


= 1.0074 Anhsrint Lg aroha 





3. From figure 3 enter with B; and read the following 


a. .G = .935 
: PN, 


De 51197, /M eS 


4. Calculate the optimum load terminations 


a. gy = (M/g,,).03 = 2.22 x 10° mhos 
O 
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b. Since b, =G - b,, from equation (18) 





9. Calculate the optimum source terminations. Lathi, by a 
straight forward calculation shows that the conjugate match at the 
input terminals for a device terminated with the optimum admittance is 


as follow a. 





A. 4, = Feats 


= 27.96% lo~Sm how 
b bas MSne -| 


ASi 
- eres Kio” S anhe-s 


6. Calculate the stage power gain. 


> _ 
© 2,22¥%/0 > 
04 (30) 








oe 
G= 7 Gen, = = 985 2 S4S905° 14) 
VL 


The design problem is thus complete for the stated conditions. A 
source addmittance of We. .2/775 ~ j.4874 milli mhos and a load 
admittance yy; = 0222 - j.23 milli mhos should yield a maximum stage 
power gain of 3459.5 or 35.4 db. In this real world this design should 
have been stopped at the calculation of Q, . Figure 3 amply illustrates 


the sensitivity of the stage gain to changes in B, when B, is elose 


Zo 


to unity. It does not take too much experience in the electronics field 
to conceive of parameter drifts which would shift this device into the 
potentially unstable category. An immediate attempt to design a less 
sensitive and more stable circuit would be the addition of some 
conductance at the input and output ports producing larger G1 ] and 999: 
While it is true that 9 is increased, it is not true that the maximum 
power gain fora specific level of stability may be achieved by this 
arbitrary procedure. A more rigorous and satisfying procedure is 
obtained by treating this device as a potentially unstable device, 
selecting a circuit stability figure @ and design as in the following 


section. 
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CHAPTER IV 


AMPLIFIERS USING POTENTIALLY UNSTABLE DEVICES 


The transducer gain of a generalized terminated two port device may 


be expressed as Gr where 


— _AlNal'$ee 
1 (M4 * ih a2 Ma.)- Mia Ma i(2 


By defining 


G1 Aen B yf bat bi 
Gr 4Lt a B2,> b.4 bir 


Ka 4a,2 ce b 


the transducer gain may be written as 
= 
Al Mail Aa 4) 
rca 
* 106), +4 Bu (G..+ fBy)- (aA+4b)\* (33) 


(32) 


Optimization of the source and load susceptances involves finding 
those values of b, and by which minimize the denominator of equation (33). 


As a matter of convenience this denominator is written as 


D=WUGu Grr7 Bie Bar -&) + {B,,Grrt BS),- by 104) 


=(G1 S147 Bu Bay- Qa.) (B11G29 +B22G,- b)” @9) 


3] 


The partial derivatives of D with respect to Bi and Boo are as 


follows 


2 -2(GuGur- Bi Bay O)Bant2CG Brat Gre By -b)G2 2 
l | 


(36) 


oP = -2(G,G,,-8:,B,,~%)B,, +4 (ByG,tG, Barb) G37 
AaB 
and at the minimum D 


gd _ (38) 


oo = o 


This yields 


\ fe ” 
(65327 8,,@.4-% Bay aC ;, I3a5+ or i247 b)Gy2 (39) 


(Gi Grr-Ra B.- a8, = (G), Bay + Gar 81 “Gi, 





(40) 
Dividing equation (40) by equation (39) yields 
B We Bos 
— 7 (41) 


Gy, Grr 


Equation (41) states that to maximize the gain of the stage the ratio of 
susceptance to conductance at the input and output ports should be 
equal. This ratio is to be defined as y . that is 


Ww ma Bu Ba ae (42) 


oo" 
me 


~ By Sex. 


OZ 


Now equation (35) may be written 
| pe 9 
= (G,,Gr, Ct 43°) -A) + (28 GuG, - lb ) (43) 


and its partial derivative with respect to x is 


2 su 
; = m= 4 Gy G2r{GnGoa Cl-2 }~ &) (44) 


7 461,G627(261162576) 


This partial derivative must in turn be equal to zero at the minimum 


cy{Q/ 
lo 


of D, which leads to the relation 


B°4 {14 aon | o 4 = © (45) 


Ga Goa Gi Grr 
However, the formulation of a and b are 
a=N Que b= NMSne (46) 
and from the definition of stability figure @, (equation (27) 
G,,.G25 = Mt (f+ Cow @} 
ile eer ee (47) 


equation number (45) may be expressed as 


La © 2 Sine 
3 a 
yal lt Feele d+ (ose (48) 





This cubic equation (48) is in a “normal” form whose roots are discussed 


. es Sul 
in a number of sources; see for example Eurington. 
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Using equations (46) and (47) equation number (43) may be 


rewritten as 


2 
p ={(b+ Cove (1-2) -MOoe} +{2 (a4 sey tne)” 


which reduces to 


D= MA{[ZGtGse 1-8) - Cooe]™ 
+ L¥(d +Cor8) -Sre]"f “ 


Examination of equation (49) particularly the last squared term 
reveals that if 6 is in the first two quadrants, D is minimized by some 
positive value of y . Further, it is noted that the equation (49) is 
minimized under the condition that the sign of Wy is identical with 
the sign of sin@, that is, y is positive for 8 in the first two quadrants 
and Or is negative for @ in quadrants 3 and 4. Therefore, examination 


of both (48) and (49) leads to 


wg, #) 
D (4, &) 


Hh 


—y (4, &) (50) 
- (de) 


tf 


(5 1) 
Investigation of equation (48) results in the conclusion that for @ 

in the first quadrant the roots consist of one positive real root and two 

imaginary roots. Since only physically realizable solutions are to be 

considered, the positive root is the desired value of wy . For @in 

the second quadrant, the roots of (48) consist of one positive root and 


two negative roots, Of which the positive root will minimize D. 
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In summary then, for a given value of @ and for @ lying between 0 
and 180 degrees, D minimum may be found by solving equation (48) for 
the One positive real root and substituting this root into equation (49). 
For other values of 6 the relations (50) and (51) will yield the desired D. 


With this minimum value of D the transducer gain may be written as 
d 
C= All 9o $i 
T D (5:2) 


which is | Yoi/¥i9 times the normalized transducer gain Grn of 





equation (14). 


4M 4% 9 
Oty = a 


(53) 
D 





Since the minimum value of D has been found the remaining factor 
under control of the circuit designer is the product 9,g;. This product must 


be maximized to give the maximum gain but this maximization is subject 


to the stability criteria. 


@ = 4S Gir ~ Core 





(27) 
M 
that is, the product gg, is restricted to the condition 
Mo 
Gi 922 > #9 + Con) =(4 4+ $1 4Qut 422) 
54) 


oo 


However, by the definitions of equation (33), Oe and G7; may be written 


as 


“0 = Gi ya Oy = Gii- 22 


and the product as 





ae 7 “ | te (SS) 
Qa Sy = C6 ee G22) 
Finally by defining a dimensionless ratio of the total terminal 
conductance to the device conductance G/g as r where 
G, G 
} ge): 
OS a JL347 SF (56) 


“ie 


Q 


the product may be written as 


Ge gu = 49a, An-(A2r-) (57) 


which is a maximum when the partial derivatives are equal and zero. 





J 4e gu Oo qu) aes (58) 
Oh, Jts. 


By the equation (57) 997, is seen to be symmetrical with respect to hq 
and To9 , Which, of course, means that the maximum will be reached 


when these two ratios are equal. Therefore, the subscript will be 


dropped from r and the product written as 


AA eS di Vat pat)" (59) 


36 


and 


2 
Gn Gr,= 2 9 Grr = t (p+ Cone) 60) 


which results in the ratio r as a function of the device constants and 


the stability figure 


(61) 


nee NCE t Coo) _ Jt Corse 
249nFor Bit 16 


where B; is the inherent stability figure defined by equation (20). 
The normalized transducer gain may now be written in terms of 


equations (59) and (61). 


an _ tsb fates —1h 4 
du Sux 2G + Cove) | fe | 


Tia ee ee ee a ae 
MTEL G+ Gooll'-8)~Gs6} 4 [34 Cov) Sak] 


= [PB] (2G tose} 


[besa ba neon 
Is ¢ +C2@)(|-y*) - Coy 6] +[7(@4 Cog) - Sin e] 


(62) 


When written in this form Grn is seen to consist of two groupings 


of factors. 


We fois ai Bee By a function off 
di, dt d4, 4 ng (Mi, 41) anol Pp. 


2. F, the remaining factors in equation (62) is defined below and 


is a function of the transmission admittances and the stability figure. 


(Yio: Yo): Q) 


ae L(G +Clos8) 
2 (63) 
is (6 + Cow®)((+7%) )-Co20| ‘t y(t Coce- — e| ( 


With this background the normalized transducer gain maximum may 


be expressed as 


Grn, . F (64) 





A set of optimum terminating conductances may now be obtained 
from equation (56). 


ce cB thane at dui 
q,, = “i Get Gre : a 





that is 
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4a = 4 





Similarly 


i. oa / gees. | (66) 


With these conductances, equation (42) yields the remaining 
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susceptances. 


Bu . Bir mud Ph 
G4 G22 6 t qu 40 = q22 (42) 


b,> ($.43,)¥- bn 





b,= (q,4 Su)¥- bar (67) 


With this determination of the terminating admittances and the gain 
of the amplifier the design is in essence complete. The effort required 
of the designer has thus far not been reduced because the evaluation 
OLE, vA , the gain and conductances require solutions to transcendental 
equations. However, this approach has separated the arguments of the 
problem into grouping which can be conveniently computer programmed 
and the results tabulated. Initially % was computed by Bahrs and 


used by Lathi. This paper has reformulated the work of these two into 
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a consistent notation. Therefore, xe has been recomputed and tabled 
as a function of arg(y) 9Y2)), and @ the stability figure. Similarly, F, 
the gain factor has been tabled as a function of these two variables. 


See Tables II and III. The other transcendental factor of interest 


= 
. 
4 « 


ee * 2 
Ju 





Fe AE ae 


b+ Cas@ 


is plotted in Figure 4 as a function of the ratio r. Figure 5 plots D4 

for several values of @ to illustrate the smooth behavior of this function, 
although Table II steps Y through integral values and @ in five degree 
steps linear interpolation between any combination of values is a valid 
operation. Similarly, Figure 6 plots F for several values of @ to support 


the validity of linear interpolation between values of F. 
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CHAPTER V 
THE TERMINAL PROPERTIES OF 
THE AMPLIFIER STAGE 

One of the more important considerations of amplifier design is that 
of bandpass characteristics. The bandpass is, of course, a function of 
the total terminal admittance at the input and output terminals of the 
stage. 

The input admittance of a two port which is terminated at the 
output by Yr is 


Min = Yy~ behbe 


Say , (68) 


to which the input terminating admittance ve must be added to give the 
total admittance at the input a 
Y ah = Vat ole - ina | 
Aqaze ' 
= Fat qt yCbat bu) - [1( loa & + SRO 


yee ll Be 


oon au \Cb 294 b u 


3 | Se ha 
Yn= G, (i-7) - IM Goa t {in @) 
Gu (i+ 49) (69) 
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Separation of the real and imaginary parts of hae yields Gin and Ee as 


M (Co, Et ¥Snr0) 


GG. = SG, - = 
_ . Sp lice i (70) 
and 
| M(Line—-Y%s6e) 
Bn = G,o- 


Grr (i+ 87) (71) 


Considering first Gin: By defining a function of is , and 6, 


call it R( &Y , 6) as 


R(y 6) a Cove +¥Sin © “ 


pe 
(| + ¥*) 
the input conductances may be expressed as 


=] 
= I~ Gy, G2) (73) 


and 


Guin > ous a R82) 


AN (74) 
f508 
Similar arguments allow the output conductances to be expressed as 
MRS 
P _—— Oo 
Fout = grr S R(8,E) (75) 
| 14 of 
— SRG 
Gout = 6. Gi K ° } (76) 
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The total stage terminal susceptances should be zero at the point of 


maximum gain. If B,, is to be Zero, then equation (7lyis zere 


vy. ft (Sin. © - Age) _ 
Gj 


Grr er i+ 42) 


Cot, 


By - yy = NOre- -¥Cag@) 


ed ‘a eA 
\ 


Gi Gril 7~ x3} = A> xb 


(77) 





3 by re 
o Yl Gu a )% G11 G2 _ 


The susceptance condition which yields zero total terminal susceptance 
is, therefore, identical with the condition of maximum transducer gain. 
Under these conditions the terminal Ssusceptance is known to be zero. 
However, under non-optimum conditions, the susceptance can most 
conveniently be calculated by defining another function of Oy and 6, 


Callan ye 8), where 


am Une ~S Gv 


« 
Allowing the input and output Ssusceptances are expressible as 
= hb — Mm nec Q 
loam v\ Gor oS, ) (79) 
B - — [Ce S) mM 
3 VN = 1] i } Ee Gi Y- z- (80) 
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baled 7 bz. a, 103,2) 


eout = Gs ye & I(8,9) 


82) 


These formulations of susceptance and conductance are convenient by 
virtue of the computer generated tables of R( y , 8) and I( Oe , @). 
See Tables IV and V. As with Oe and F, R and I( yY , 8) are well 
behaved functions so that linear interpolation between tabulated values 


is a valid operation. 
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ILLUSTRATIVE EXAMPLE 


The RCA integrated circuit CA 3028 may be used in a cascode con- 
figuration. The specification (op. cit., p. 8) lists the cascode y 
parameters at 10.7 MHz as 


a 6 ; 2 O 
Vere (o.° + j1.6)m mhos = 1.66 {_75.1° mmhos 


Y¥12 = (0.003 - j0.0) mmhos = .0003 20.0° mmhos 


= a i = O 
Yo, = (99 - j 18) mmhos = 100.8 / 10.3~- mmhos 


s O 
— eS oe . = 7 
Yoo (0.0006 + j0.08) mmhos 08 / 90- mmhos 


1. Calculate the intermediate values 


_ Z -6 
M = | ¥12%21| = 0.0302 x 10 


_ ay O 
arg (Yio: ont aes 1 Os 


Cos8@ = 0.984 Sin8 = -0.1788 


2. The inherent stability figure g. 


= “91922 - Cose 
M 


QR 
— 
| 


- 2(0.6x 10 *)(0.6x 109) _ 4 ogy 
0.0302 x 107° 


- 0.960 A POTENTIALLY UNSTABLE DEVICE 
3. Choosing = 3.0 
a. From Table II Y max = 0.05819 
b. From Table III F= 7.92925 


c. From Table IV R( YY, 8) = 0.99101 


48 


4. Calculate the gain of the unit. 


on eaenateemmenenthieetn Co a 
. | Bt Be..." /S tga, 
2  VO+ One 2,604 ORY 
= (2Z.%E 


From Figure 4 (1 - 1/1)* = 0.851 
b. The normalized stage gain from equation (64) 


Crea -1)* =7.92925(0.851) 
O Yr 


=6.74 


c. Equation (14) yields gain 


m= = Gay.= oe (6.74) 


0. 0003 O00S 








a aun 


= 63.72 db 
5. The terminating admittances are calculated 


a. Source conductance, equation (65) 


40° Wl GFES “5 ei 


= 0.6% /0%)2. 8A) = Z/LXIO0-F yy thos 
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b. Source susceptance, equation (67) 


i = (Jo + Ju) x-b, 


= {(7.12 +. G)(0.0S82- 1. 4{X/0~ 


ay al liSe a= ta 


c. Load conductance, equation (66) 


4. = q..--1) = 0006 K/0~3( 11, 88) 


= 712\107 “mhos 


d. Load susceptance, equation (67) 


b, = CAL t 412) o- bee 


= {(o.00712+ 0.6006 (0.05 82)- 0.0%{x/073 


= =- 0.0% X10 shod 





6. The terminal conductances 


a. Source conductance, equation (74) 


Gin. = GG, ZR y6) 


= 7.72 X/0-3_ 20802 (0.99/0/) 
i 7 79 


oS X/0O73 mho~ 


| 


90 


b. Load conductance, equation (76) 


_ [t ® 
Gout = Gar - Gm KE, @) 


D1) 
7 ~G 
- 7721/0 . 030 2 KO ry as 
. Aah 0 F3 ( (PHA) 


= Sa Ta PS 


This circuit was mechanized with some interesting results. Initially 
some difficulty is encountered in synthesizing the admittance 
6 


y, = 7.12x10° - 380x10 °. 


The parallel inductance required is 


2. | a , 
L_ = = 185 w# H while the parallel 
P s0x10°x6.28x 10.7 x 10° at 


resistance is r_= ee ge 141 x ons. 


Pea) ees O 
The Q of the inductance required for a parallel circuit is rather high. A 
Similar but not as severe problem exists in the input circuitry. The 
problem is circumvented at both parts of using equivalent an series 
circuits for a load and a parallel series circuit in the input to match 
a 600 ohm signal generator. 

The test rig was wired and the source and load impedances 
measured. Several adjustments were required to obtain the required 
paramters. The final circuit used is shown in Figure 7). All capacitance 
units are microfarads, both inductances measured at 10.7 MHz, and 


all resistor values are listed as their nominal values. With the device 


ou 





Figure 7 
Cascode Amplifier with Optimum Terminations 


removed, the r resistance from terminal 2 and terminal 6 to AC ground 
were 139 and 1020 ohms respectively. The calculated optimum values 
are 137 and 1105 ohms. 

The voltage applied was 10mv peak. A clipped output caused a 


6 volts 


decrease of the input to 500 microvolts peak that is 353 x 1c 
rms. Fora matched impedance, this voltage level results in an input 


-8 
power of 0.18 x 10 watts. Two integrated circuits were tested under 


these identical conditions. The output voltages observed were 1.41 


gy 


and 1.38 volts rms which yields a power of 3.97 x on watts and 
3.7% i073 watts. The transducer gain Py A? once is then 2.2 x 10° and 


Zeoll we 10°, These values compare very favorably with the calculated 


dy, SOR 10° ; 
Granted that the circuit configuration is impractical in form, 


however, the results and verification of this design approach justify 


the use of the configuration. 


53 


CHAPTER VI 


NON-OPTIMUM LOAD AND SOURCE CONDUCTANCES 


The conductances determined by equations (65) and (66) may be 
either not obtainable or not desirable by virtue of interstage network 
considerations. The effect of the departure of Ge and Gy, from the 
optimum values is analyzed as follows: 


The optimum value of G)] is 


G = foe eS 
NoprT ge Dit Cadre (5 6) 


and 
Gu a7 = ees (56) 
However, let the actual value of 97/ 
Gu = . Tope (83) 


where p is a measure of the departure of Gy] from the optimum value 


Gry . Fora given value of @, the product G, Gy must be constant, 
opt 


that is 


= G | 
G,, oe Nope oe (84) 


94 


Therefore 


Pope 


ee 


These relations result in the values of Go and gz as 


Jo= lv Wwe “Hf 3p 


4.5 {P pee 1ar 


But from equation (62) 


Ar 
Gry > M (G4 Co ®) ‘|< tu 





p rae [Pitas — \(P/Ee an {a2 


However, ae is 


2 
eo = aie (Pies | 
re. a +e jn G22 





A 


A measure of gain degradation may be defined as H 


4 GTN 


GTN 

_ {p/2Fes8- 1} (5 Ypsars ~| 

pee 
D+ Coe 


99 








(86) 


(87) 


(62) 


(88) 


(89) 


(90) 


p— fut ae Couey} 
PtCare@ )IpP + Que 


I> BitQooe a (90 
2+ Cor @ 


Equation (91) is symmetrical with respect to p or 1, that is, H() = H(p) 
p 


which shows that H is identical if Gp9=pG,. or Gon = a5 aos 
opt P opt 


The normalized transducer gain may now be written as 


Dy + Oo 


= FH P™ ¢ + Geom (92) 


Gry ~ 


Table VI tabulates H as a function of oF a OEE and p. 


g + Cose 
It can be seen that when this ratio is small the loss in transducer 


g + Cos8 
@ + Cosé 


gain is small. For p=5 and = ,0025, 


the loss in gain is only {8 per cent. A great deal of flexibility in 
g. + Cos6 
g +Cosé. 


design is possible for small values of 
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CHAPTER VII 


CONCLUSION 


This thesis was motivated by the introduction of linear integrated 
circuits into the devices available to the circuit design engineer. As 
soon as an application procedure was defined, the thesis dropped all 
contact with any specific active device. In fact, the original study 
of this subject referred to vacuum tubes and transistors as active devices. 
Linear integrated circuits, because of their complex structure, force 
the circuit designer away from any particular device-oriented model to 
the functional model of two port parameters. The analysis of circuit 
performance using these parameters is of great value for several 
reasons. 

a. A two port parameter analysis is independent of the type of 

active device used. 

b. Since all device response is compared within the same 

analytical framework, the design engineer more rapidly assimilates 

the response differences of each individual device. 

c. The use of only one design method facilitates application of 

optimization techniques across the broad range of electronic 

devices. 

d. The use of two port parameters and this design technique 

permit transforming from any given sen of parameters to any more 


convenient parameter set. 


a7 


Objectively one must note a lack of consistent schemes of 
specifying devices used by the device manufacturers. Within the same 
industrial organization, technical specification vary in scheme and 
completeness. The vacuum tubes may use the transconductance and 
input/output capacitance; transistors, the h parameters; integrated 
circuits may utilize curves of the y parameters, curves of differential 
gain, etc., or incomplete g parameters. This proliferation of 
specifications forces either a transformation of parameters or, fora 
more thorough design, measurement of parameters. 

The impact of linear integrated circuits into the electronics 
discipline is, I am Sure, beyond our furthest imagining. The reduction 
of physical size resulting from LIC application makes feasible packaging 
of more functions per unit volume. The increase in available gain for 
a given cost and volume encourages sacrifice of a greater percentage 
of gain toward improvement of linearity or stability or, for that matter, 
any engineering trade off required by a particular application. As the 
precision of these devices is increased, their application to small, 
extremely fast analog computers of great accuracy is sure to emerge 
as a real time problem solver of high speed technological which are 
presently beyond the capability of our fastest digital computers and 
the algorithms used therein. 

In the research required by this thesis, the lack of application of 
optimum design techniques to solid state circuit design problems is 


more and more impressive. The mean-time-between-failures of active 
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devices is now measurable in terms of decades. The design of 
equipment utilizing these low failure rate components must optimize 
performance over component response change with lifetime. The 
statistical nature of these response changes forces the circuit designer 
to consider statistical circuit analysis, that is, to optimize design. 
Similarly, as modern society becomes more and more dependent on 
reliable accurate Operation of a variety of electronic devices, it 
becomes more and more important that the performance of this equipment 
be optimized. The electronic circuit and electronic equipment 
designer, therefore, must learn and utilize the optimum design 


techniques of the control systems engineer. 
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TABLE ITI. 


FUNCTION OF THE STABILITY FIGURE AND TRANSMISSION ANGLE. 
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THE GAIN FACTOR F AS A 


TABLE IIT. 
FUNCTION OF THE STABILITY FIGURE AND TRANSMISSION ANGLE. 
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R OF GAMMA AND THETA. 
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R QF GAMMA AND THETA. 


TABLE IV. 
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R OF GAMMA AND THETA. 
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R OF GAMMA AND THETA. 


TABLE IV. 
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R OF GAMMA AND THETA. 


TABLE IV. 
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R OF GAMMA AND THETA. 


TABLE IV. 
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THETA. 


I OF GAMMA AND 


TABLE V. 
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I OF GAMMA AND THETA. 
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I OF GAMMA AND THETA. 
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I OF GAMMA AND THETA. 
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